Abstract. We present an interactive application to assist planners in adding new trains on a complex railway network. It includes many trains with different characteristics, whose timetables cannot be modified because they are already in circulation. The application builds the timetable for new trains linking the available time slots to trains to be scheduled. A very flexible interface allows the user to specify the parameters of the problem. The resulting problem is formulated as a CSP and efficiently solved. The solving method carries out the search assigning values to variables in a given order verifying the satisfaction of constraints where these are involved. When a constraint is not satisfied, a guided backtracking is done. Finally, the resulting timetable is delivered to the user who can interact with it, guaranteeing the traffic constraint satisfaction.
Introduction
The problem considered by our application is to obtain a valid and quality scheduling for new trains on a railway network, which may or may not be occupied by other trains. The timetables for the new trains are obtained in a search space that is limited by traffic constraints, user requirements, railway infrastructure and network occupation. The system displays the resulting schedules graphically and provides an interactive interface so that the user can modify them. Planning rail traffic problems are basically optimization problems which are computationally difficult to solve. These problems belong to the NP-hard class of problems. Several models and methods have been analyzed to solve these problems [1] , [3] , etc. The majority of the papers published in the area of periodic timetabling in the last decade are based on the Periodic Event Scheduling Problem (PESP) introduced by Serafini and Ukovich [8] . Specifically, an efficient model that uses the PESP and the concept of symmetry is proposed in [6] . However, we cannot use the concept of symmetry because: (i) we allow different types of trains; this doesn't guarantee the necessary symmetry to be able to use these models, and (ii) the use of the infrastructure may not be symmetrical. There are works that are related to railway problems such as: the allocation of n trains in a station minimizing the number of used tracks and allowing the departure of trains in the correct order [4] , the allocation of new stations through the railway network to increase the number of users [7] , etc. There exist tools to solve certain kinds of problems such as the Rescheduling tool [2] or the TUFF scheduler [5] . The Rescheduling tool allows to modify a timetable when trains in a section of track cannot run according to the infrastructure, ensuring that the scheduling rules are not violated. The TUFF scheduler describes a constraint model and solver for scheduling trains on a network of single tracks used in both directions. Computer-aided systems for railways problems have become a very useful tool in assisting planners to obtain an efficient use of railway infrastructures.
PROBLEM DESCRIPTION
We propose to add new trains on an heterogeneous high-loaded railway network, minimizing the traversal time of each new train. The timetables for the new trains will be obtained in a search space that is limited by traffic constraints, user requirements, railway infrastructure and network occupation. The problem specification does not demand that all considered trains visit the same sequence of locations. It may there be many types of trains implying different velocities, security margins, commercial stops and journeys. Our method takes into account the following scenario to generate the timetables corresponding to the new trains: 
-Frequency of Departure. It specifies the period (F U /F D ) between departures of two consecutive trains in each direction from the same location,
-Minimum stops. A train must stay in a location l j at least S j time units,
-Exclusiveness. A single track section must be occupied by only one train at the same time.
-Reception Time. At least are required R x time units at location l x between the arrival times of two trains going in the opposite direction ( Figure 1 ). 
-Precedence Constraint. Each train employs a given time interval (R x→x+1 ) to traverse each section of track (l x → l x+1 )in each direction.
-Capacity of each station. The number of trains that may stay simultaneously in a station depends on the number of available tracks in it. -Closure times. Traffic operations and/or passing of trains are not allowed at the closing times of a station.
Solving Method: The Sequential Algorithm
In this section we explain the used algorithm to solve the specified problem in Section 2. We have named it "Sequential" because of the way that it generates the timetable for each new train ( Figure 2 ). For each iteration, the Sequential
algorithm constitutes a subset of the whole search space where it searches the values for the problem variables that satisfy all the problem constraints (Section 2). The assignment of valid values to the problem variables generates (if there is a feasible solution in the subset) a timetable for each new train (line 08-14 in Figure 2 ). The elements of the reduced search space depend on three values, which are:
1. Initial departure time for the first train going in down direction (init dep down in Figure 2 ). In each iteration is chosen randomly a value that belongs to the
. This time interval is part of the input parameters I (one of the input parameters of the Sequential Algorithm in Figure 2 ) given by the final user. 2. Initial departure time for the first train going in up direction (init dep up in Figure 2 ). In each iteration is chosen randomly a value that belongs to the time interval [min U ,max U ] (Constraint 1 in Section 2). This time interval is part of the input parameters I (one of the input parameters of the Sequential Algorithm in Figure 2 ) given by the final user. Figure 2 ). When the assigned value to a problem variable, that represents the departure time of a train, violates the Constraint 5 defined in Section 2 (avoid crossing between trains going in opposite direction), the process must decide which of the two trains will have to wait for the section track release. The decision taken by the process will state a priority order between the trains competing by the same resource, the single track section. When the two trains competing by a single track section are: a train in circulation and a new train, that should be added to the railway network, the priority order always will be the same. The new train will have to wait until the train in circulation releases the single track section. When the two trains competing by a single track section are new trains, the priority order is decided according to the position of the single track section with respect to one station, which we name the reference station.
Reference Station (ref st in
The reference station divides the journey of each new train in two parts. The first part: from the initial station of the journey, to the reference station. The second part: from the reference station, to the last station of the journey. Each train will have priority on the single track sections that belong to the first part of its journey. In Figure 3 , S 2 is the reference station and it divides For the trains going in down direction (t 0 , t 2 and t 4 ) the first part of theirs journey is composed of the track sections (S 0 -S 1 ) and (S 1 -S 2 ), the second part is composed of (S 2 -S 3 ) and (S 3 -S 4 ). For the trains going in up direction (t 1 , t 3 and t 5 ) the first part of theirs journey is composed of (S 4 -S 3 ) and (S 3 -S 2 ), the second part is composed of (S 2 -S 1 ) and (S 1 -S 0 ). In Figure 3 is pointed out by a circle the possible crossing between the trains t 0 and t 1 in case that t 0 left from S 2 as soon as possible. The single track section (S 2 -S 3 ) belongs to the first part of t 1 journey and therefore this train has greater priority than t 0 on this track section. Then, t 0 will have to wait until the single track section (S 2 -S 3 ) is released by the train t 1 . The pointed lines represent the position of the train t 0 if it had left from the station S 2 as soon as possible. The continued lines represent the real departure time of the train t 0 after the single track section had been released by t 1 . The same reasoning is applied by the other cases pointed out by circles in Figure 3 .
The sequential algorithm iterates until the time given by the user has been spent completely or until the user interrupts the execution (line 03 in Figure 2 Figure 2) , obtained in the current iteration, is better than the best scheduling (best sched in Figure 2 ), obtained until that time. Finally, the sequential algorithm returns the best scheduling that has been obtained during the running time.
Description of an Iteration of the Sequential Algorithm
In each iteration, the sequential algorithm generates a complete scheduling for each group of trains (T D and T U ) in two steps. In Figure 2 , sched1 and sched2 correspond to the generated scheduling for the first part of the new trains journey going in down and up direction respectively. In Figure 2 , sched3 and sched4 correspond to the generated scheduling for the second part of the new trains journey going in down and up direction respectively. The complete scheduling is generated in this way in order to state greater priority to each new train on the first part of its journey. In case of existing a crossing possibility in a track section, the greater priority will be given to the new train whose timetable had been assigned previously on that section track. The first and second part of a journey are stated by the chosen reference station at the current iteration. Figure 4 shows how is generated the scheduling for one part of the whole journey. This function assigns values to the variables ti dep l j and ti arriv l h such that x <= j < x + p and x < h <= x + p ( Figure 5 ). Figure 6 shows an example of how is verified the constraint that avoids a crossing between trains going in opposite directions. Consider that train t 2 is the train t i , the train whose timetable is being created, and t is the train whose timetable has been created previously and cannot be modified. The initial value assigned as departure time from st=l x to t 2 causes a crossing of t with t 2 according to the picture on the left of Figure 6 . The function V erif y Constraints computes the time necessary that must be added to dep time in order to avoid this crossing and this value is returned by the function. The picture on the right of Figure 6 shows the necessary delay in the departure time of t 2 from S 2 . The precedence constraint (Constraint 8 in Section 2) is used to propagate the values among the variables(trav time in Figure 5 is the spent time to go from st to next st). Minimum stops constraint(Constraint 4) is used to compute the departure time of a train from its arrival time at the same location(S T in Figure 4 ). Get N ext Station(st, T ) returns the next station to st in the journey corresponding to trains belonging to T . Get F irst T rain(T ) returns the first train that starts the journey corresponding to trains belonging to T . Is Required F requency(st) returns TRUE if all the trains must keep the same departure frequency in the station st.
Fig. 6. A crossing detected in a section of track
This solving procedure is the core of a system to assist rail operators in the decision making process. The general architecture of that system is described in the following section. We have developed an "Aid System for Train Scheduling" (ASTS) to assist rail operators in the planning and use of railways. ASTS is an interactive application that is implemented in C++ . It connects to a database to store requests and solutions and to keep all information that is related to railway infrastructure, journeys, type of trains, stations, etc. The main modules of our system are described in Figure 7 . Following, we explain them in more detail. 
Input of operator request
The system returns a valid scheduling for each operator requirement. The main input parameters are: network occupation, number and type of trains, interval of allowed frequencies and interval of allowed initial departure times. Figure 8 and Figure 9 show an example where an operator specifies a request to allocate new trains on a railway network. In the example, the operator needs new trains of the type "A COR SANTI L1" for trains going in the down direction and "SANTI A COR L1" for trains going in the up direction. For each type, the operator specifies a frequency (01:11:00 and 01:20:00), a number of trains (13 those that do not violate any constraint are allowed. The changes made by the user to timetables can be stored in the database. The resulting scheduling for the new trains is shown in Figure 12 . The thickest lines represent the new scheduling. The rest of the lines correspond to timetables of other trains, which in turn, represent the occupation of the railway network, on which the new trains had to be allocated. Several parameters may determine the quality of a scheduling for new trains in a railway company. Our system considers as quality criterion:
-Average traversal time for each new train.
In addition to this criterion other quality parameters are provided to the user:
-Number of conflicts managed among new trains as well as between new trains and those in circulation. Solving conflicts implies technical stops and then a less attractive timetable from the customer point of view. -Divergence, defined as the difference between the average delay (meassured as a percentage) of trains in down direction and the average delay of trains in up direction. Higher divergence could imply worse schedules. Another factor that affects the quality of the schedules obtained by our system is the running time that the operator gives to solve the problem. Considering the input parameters of Table 1 , the system provides three different outputs for an execution time of 5, 10 and 40 seconds respectively ( Our system assigns to each train a departure and arrival time for each location of its journey, taking into account the operator requirements and the described traffic constraints. The system accepts a wide range of scenarios on which it is possible allocate new trains correctly and efficiently. One of these scenarios can be a high-loaded railway network with different types of trains. The system responds with different timetable configurations depending on the operator request and the execution time. The operator can make decisions easily and quickly, modifying the input parameters by comparing the different scheduling obtained. This comparison is very complex and very time consuming to do manually in a complex network. As all optimization processes for NP-hard problems, the heuristics can be improved in order to obtain better solutions in less time. Currently, ASTS is in an evaluation phase. We are considering adding other quality criteria in order to increase the scope. We also want to integrate ASTS with other tools proper of the railway company.
